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DUF3068 protein familyThe mycolic-acid layer of certain gram-positive bacteria, the mycolata, represents an additional permeability
barrier for the permeation of small water-soluble solutes. Consequently, it was shown in recent years that
the mycolic acid layer of individual bacteria of the group mycolata contains pores, called porins, for the
passage of hydrophilic solutes. Corynebacterium amycolatum, a pathogenic Corynebacterium species, belongs
to the Corynebacteriaceae family but it lacks corynomycolic acids in its cell wall. Despite the absence of
corynomycolic acids the cell wall of C. amycolatum contains a cation-selective cell wall channel, which may
be responsible for the limited permeability of the cell wall of C. amycolatum. Based on partial sequencing of
the protein responsible for channel formation derived from C. amycolatum ATCC 49368 we were able to iden-
tify the gene coram0001_1986 within the known genome sequence of C. amycolatum SK46 that codes for the
cell wall channel. The corresponding gene of C. amycolatum ATCC 49368 was cloned into the plasmid pXHis
for its expression in Corynebacterium glutamicum ΔporAΔporH. Biophysical characterization of the puriﬁed
protein (PorAcoram) suggested that coram0001_1986 is indeed the gene coding for the pore-forming protein
PorAcoram in C. amycolatum ATCC 49368. The protein belongs to the DUF (Domains of Unknown Function)
3068 superfamily of proteins, mainly found in bacteria from the family Corynebacteriaceae. The nearest
relative to PorAcoram within this family is an ORF which codes for PorAcres, which was also recognized in
reconstitution experiments as a channel-forming protein in Corynebacterium resistens.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Compared to other gram-positive bacteria, Corynebacteriales have
an unusual cell envelope. Besides the thick peptidoglycan layer,
the Corynebacteriales contain large amounts of lipids in the form of
mycolic acids and free lipids in their cell walls [1,2]. The mycolic
acids are linked through ester bonds to the arabinogalactan attached
to the murein of the cell wall [3]. The chain length of these
2-branched, 3-hydroxylated fatty acids varies considerably within
the mycolic-acid-containing taxa. Thus, especially long mycolic acids
have been found in Mycobacterium spp. (60–90 carbon atoms) and
Tsukamurella spp. (62–78 carbon atoms); they are medium-sized in
Gordonia spp. (46–77 carbon atoms) and Nocardia spp. (46–64 carbon
atoms), and small in the genus Corynebacterium (22–38 carbon atoms)
[3–6]. The mycolic acid layer is considered to be functionally similar
to the outer membrane of gram-negative bacteria. Small hydrophilicence, Jacobs-University Bremen,
1 200 3151; fax: +49 421 200
z).
l rights reserved.solutes can permeate through the outer membrane of gram-negative
bacteria either via channel forming proteins [7] or by receptormediated
uptakemechanisms [8]. Similarly, the cellwall of gram-positive bacteria
from the order Corynebacterialeswas recognized as a permeable barrier
containing pores for the permeation of hydrophilic solutes [9–11].
These channel forming proteins represent the natural main passage of
hydrophilic solutes across the cell wall of these bacteria.
Currently 89 species of the genus Corynebacterium are known,
which are divided in three different groups: human pathogens,
animal pathogens, and non-pathogens [12]. Serious economic losses
are caused by animal pathogens, e.g. Corynebacteriumpseudotuberculosis
[13,14]. Non-pathogenic species of Corynebacterium are used for the
production of amino acids such as L-glutamate and L-lysine in big
fermenters at an industrial scale [15]. According to the 16S rRNA align-
ment analysis of different Corynebacterium species, Corynebacterium
amycolatum is only distantly related to other corynebacteria [16].
C. amycolatum is a typical bacterium of the ﬂora on human skin andmu-
cous membranes. It was ﬁrst isolated from clinical specimens in 1988
[17]. C. amycolatum is known as the cause of community-acquired endo-
carditis in patients that have heart disease or are immunocompromised
and suffer from prosthetic valve endocarditis [18,19]. Because of its
Table 1
Oligonucleotides used in this study. For cloning of the gene coram0001_1986 of
C. amycolatum ATCC 49368 total DNA of this organism was used as a template and
the primers given below. Recognition sites for restriction enzymes are underlined.
Binding positions within the genome of C. amycolatum SK46 are listed on the right.
Similarly, for cloning of the gene cres_0567 of C. resistens DSM 45100 total DNA of
this organism was used as a template and the primers FP Resis XbaI and RP Resis
KpnI given below.
Oligonucleotides Sequence 5′ → 3′ Position
FP 1986 XbaI tcctgctaggttttgctctagaaagttacgtacag 11912–11947
RP AMY KpnI gcagcaagtctgccggtaccaccaagccacgagg 13105–13139
FP Resis XbaI gtagcgcggagattttctagata acgcaac 11218–11248
RP Resis KpnI cgtaatcacctgtggtaccgagagcgttggcg 12491–12513
FP KpnI site cactggtacagatccgatc 11378–11396
RP KpnI site gatcggatctgtaccagtg 11378–11396
RP_pXMJ19_inser ctctcatccgccaaaacagc –
FP M13 gtaaaaacgacggccag –
RP M13 caggaaacagctatgac –
FP pXHis gcataattcgtgtcgctc –
RP pXHis cagaccgcttctgcgtctg –
FP Resis XbaI and RP Resis KpnI primers.
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important pathogen, closely related to Corynebacterium freneyi and
Corynebacterium xerosis [20,21]. C. amycolatum is an exception in the
Corynebacteriaceae family because it does not contain mycolic acids in
its cell envelope and contains only small amounts of extractable lipids
[17,22,23]. Different protein fractions of C. amycolatum do not show
any interactions with polyclonal antibodies directed against PorA of
C. glutamicum [24]. Although, these observations suggested that the
cell wall of C. amycolatum does not act as a permeability barrier, we
previously demonstrated that the proteins of the cell wall fraction of
C. amycolatum ATCC 49368 possess channel forming activity [25]. In
addition fatty acids were found to be ﬁrmly attached to the cell wall
with a composition that was not found in extractable lipids of the cyto-
plasmic membrane indicating that an additional permeability barrier
may exist [25].
In this study, we puriﬁed the cell wall channel of C. amycolatum
ATCC 49368 to homogeneity. The pure protein was subjected to
partial sequencing. The partial sequences were compared with the
known genome sequence of C. amycolatum SK46, which allowed the
identiﬁcation of the gene coding for the channel forming protein,
termed PorACoram. PorACoram was expressed in C. glutamicum ΔporA
ΔporH which is deﬁcient in PorA/PorH [26–30]. After puriﬁcation it
showed the same channel characteristics as previously found for the
channel in the cell wall of C. amycolatum ATCC 49368 [25]. PorACoram
is a member of a huge DUF3068 superfamily of proteins including
more than 800 proteins from actinobacteria. The closest relative
to PorAcoram is PorCres, which is also a channel-forming protein from
the corynomycolic acid containing Corynebacterium resistens DSM
45100 strain.
2. Material and methods
2.1. Bacterial strains and growth conditions
C. amycolatum ATCC 49368 [22] was routinely grown at 30 °C with
shaking (180 rpm) for 24 h in BHI medium (3.7% Difco brain-heart
infusion). Corynebacterium glutamicum ATCC 13032 porA and porH
deﬁcient strain transformed with the pXHis vector was used in heter-
ologous expression experiments as the host organism [31]. The strain
was grown in BHI broth or on BHI agar plates overnight at 30 °C with
appropriate antibiotics for selection.
2.2. Puriﬁcation of the 45 kDa channel-forming protein of C. amycolatum
The cell wall channel of C. amycolatum ATCC 49368 was isolated
and puriﬁed essentially as has been described previously [25]. In
brief: wet C. amycolatum cells were harvested by centrifugation and
were passed three times through a French pressure cell at 900 psi.
The cell walls were recovered from the supernatant by ultracentrifu-
gation at 10,000 ×g for 60 min at 4 °C. The cell wall pellet was
resuspended in 10 mM Tris–HCl (pH 8.0) supplemented with 1%
Genapol X-80 (Fluka, Buchs, Switzerland) and was shaken for 4 h
at room temperature. The dissolved material was applied to a HiTrap
Q column (Amersham Pharmacia Biotech, Freiburg, Germany). The
channel-forming fraction eluted at a NaCl concentration of about
250 mM. It contained several protein bands. Final puriﬁcation of
the 45 kDa channel-forming protein was achieved by preparative
SDS-PAGE [25].
2.3. Tryptic digestion and peptide sequencing
The pure 45 kDa PorAcoram protein was subjected to amino acid
sequence analysis following tryptic digestions [32] using an ABI 472A
protein sequencer (Applied Biosystems, Langen, Germany). The pep-
tides were separated by reversed phase HPLC on a Purospher RP18
encapped 5 μm column (Merck, Darmstadt, Germany) using a solventgradient from 0 to 60% acetonitrile in 0.1% triﬂuoroacetic acid/water
(v/v). The ﬂow rate was 60 μl/min and UV-detection was performed
at 280 nm.
2.4. Cloning of PorAcoram of C. amycolatum ATCC 49368
Chromosomal DNA of C. amycolatum ATCC 49368was used for PCR
ampliﬁcation of porAcoram and its ﬂanking regions. The expression
vector pXHis, a derivative of pXMJ19 [33], was used for expression
experiments. The vector is a shuttle vector, which provides chloram-
phenicol resistance and can be expressed in both gram-positive and
gram-negative bacteria.
The PCR product porAcoram, ampliﬁed by using FP 1986 XbaI and
RP AMY KpnI was cloned in pJET1.2 vector (Fermentas) yielding
the plasmid pJET1.2_porAcoram. The new construct was transformed
into Escherichia coli TOF10F´ via electroporation and the colonies
containing the desired plasmid were selected by colony PCR using
the same primers. Afterwards the plasmid was checked by sequenc-
ing (SEQLAB, Göttingen). The gene and its ﬂanking regions were cut
out of the pJET1.2_porAcoram vector using restriction enzymes KpnI
and XbaI (Fermentas). Because of the existence of an extra KpnI site
inside the gene, the digestion resulted in three fragments. i) the
empty vector pJET1.2 ii) a 389 bp XbaI-KpnI fragment and iii) a
810 bp KpnI-KpnI fragment (data not shown). The two small fragments
were combined by an additional ligation into XbaI and KpnI treated
pXHis vector. The plasmid was sequenced before transformation into
C. glutamicum ΔHA via a slightly modiﬁed electro-transformation
method [34].
2.5. Cloning of PorAcres of C. resistens DSM 45100
FP Resis XbaI and RP Resis KpnI primers (Table 1) were used to
amplify the gene cres_0567 coding for the C. resistens homolog of
PorAcoram of C. amycolatum ATCC 49368, termed PorAcres. Genomic
DNA of C. resistens DSM 45100 was used as a template for PCR ampli-
ﬁcation. The PCR product was ligated into pGEM-T easy vector and
transformed to E. coli BL21 DH5α competent cells. To clone the com-
plete porAcres gene into the pXHis expression vector, the procedure for
cloning of porAcoram in 2.4 was followed.
2.6. Expression and puriﬁcation of recombinant proteins
The major porin deﬁcient C. glutamicum ΔHA containing the de-
sired plasmids were grown at 30 °C in BHI medium to an OD600 of
0.6–0.8 using appropriate concentration (25 μg/ml) of chloramphen-
icol. Then cells were induced by adding 1 mM IPTG to the culture
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cells were harvested at 4000 ×g and homogenized by passing them
three times through the French Press at 1500 psi. The cell debris after
French Press treatment was centrifuged at 4000 ×g for 20 min to re-
move unbroken cells. The supernatant was centrifuged at 170,000 ×g
for 1 h at 4 °C (Beckman ultracentrifuge, rotor 70.1Ti). The pellet
containing the cell envelope was resuspended in 4 ml of 0.4% LDAO in
10 mM Tris–HCl pH 8 and shaken for 1 h at room temperature and
then centrifuged at 170,000 ×g for 30 min. Supernatant containing
membrane proteins was loaded onto Ni-nitrilotriacetic acid (NTA)
spin columns (Qiagen). The columns were preequilibrated with buffer
1 (20 mM Tris–HCl [pH 8]). Proteins that bound to the Ni2+ matrix
were washed 10 times with 650 μl of a buffer containing 0.4% LDAO,
50 mM NaCl, 20 mM Tris-HCl [pH 8] and 50 mM imidazole. His-tag
protein was eluted twice with 200 μl of a buffer containing 250 mM
imidazole The sample containing the protein was dialyzed overnight
against Xa-protease cleavage buffer (20 mM Tris, 50 mM NaCl, 1 mM
CaCl2, 0.4% LDAO, pH 6.5) by using a dialysis membrane with a
MWCO of 12 kDa to remove the imidazole. Poly-histidine tag was
cleaved by incubating the recombinant protein for 6 h with 2 units Xa
protease (Qiagen) at 12 °C. To remove enzyme, factor Xa removal kit
(Qiagen)was used. Cleaved protein and un-cleaved onewere separated
by using a Ni-NTA ﬁlter.
2.7. Sucrose density gradient centrifugation
The pellet containing the cell envelope after second ultracentrifu-
gation was resuspended in 2 ml 10 mM Tris–HCl (pH 7) and applied
to a sucrose step-gradient of 20% (1.2 ml), 40% (2.4 ml), and 70%
(1.2 ml) sucrose. The gradient was centrifuged at 170,000 ×g for
16 h in a Beckman Optima 90 XL ultracentrifuge (rotor SW55Ti).
Nine fractions of 0.5 ml were collected from the gradient and exam-
ined for protein content by SDS-PAGE or Western blot. The possible
presence of cytoplasmic membrane in all fractions was analyzed by
NADH-oxidase activity measured by detecting the decrease of absor-
bance at 340 nm [35]. All fractions of the sucrose-density gradient
centrifugation were also inspected for channel-forming activity mea-
sured by reconstitution experiments in lipid bilayers.
2.8. Protein electrophoresis and immunoblotting
Protein samples were separated by 12% SDS-PAGE as described
in Laemmli protocol [36]. To visualize proteins, the gels were stained
either with Coomassie brilliant blue [37], silver nitrate [38] or
immunoblotted [39]. In the case of immunoblotting, proteins were
separated by SDS-PAGE and transferred onto a nitrocellulose mem-
brane (0.45 μm membrane). The membrane was incubated for 2 h
with anti-mouse anti-His antibody (Amersham Biosciences) at a
dilution of 1:3000. Anti-Mouse Alkaline Phosphatase from Sigma
was used at a dilution of 1:30,000 as secondary antibodies to detect
bound antibodies. Alkaline phosphatase activity was detected by
colorimetric reaction. To visualize the protein bands recognized
by speciﬁc antibodies, the membranes were incubated with BCIP
(5-bromo-4-chloro-3-indolyl-phosphate)/NBT (nitro blue tetrazolium)
(Sigma) as substrate solution until the bands appeared.
2.9. Test for susceptibility to antibiotics
Sterilized Whatman ﬁlter disks in 5 mm diameter were used for
qualitative tests. Overnight cultures in the suitable medium were
diluted 1:1000; then 1 ml of each culture containing approximately
107 cells/ml was spread onto BHI agar medium (Difco) containing
1 mM IPTG. Five-microliter portions of the diluted 1:1000 stock
solutions of the different antibiotics were deposited to each disk.
The diameters of the growth inhibition zones were measured after
16 and 24 h.2.9.1. Concentrations of antibiotics
Ampicillin (Sigma), 100 μg/ml; gentamicin (Sigma), 25 μg/ml;
norﬂoxacin (AppliChem), 10 μg/ml; tetracycline (AppliChem),
25 μg/ml; vancomycin (Sigma) 100 μg/ml; teicoplanin (Sigma)
100 μg/ml; penicillin G (Sigma) 100 μg/ml; carbencillin (Sigma)
100 μg/ml; ceftazidime (Sigma) 100 μg/ml; imipenem (Sigma) 10 μg/ml.2.10. Black lipid bilayer assay
The principles used for the black lipid bilayer experiments have
been described previously in detail [40,41]. The core of the experi-
mental set-up is a Teﬂon cell which is divided into two aqueous com-
partments connected by a small circular hole with a surface area
of about 0.5 mm2. Artiﬁcial lipid bilayers were formed by painting
over the hole a solution of 1% (wt/vol) diphytanoyl phosphatidylcho-
line (PC; Avanti Polar Lipids, Inc., Alabaster, AL) in n-decane. Ag/AgCl
electrodes with salt bridges were inserted in each compartment.
One electrode (ground electrode) was connected to a voltage source,
which allowed the application of deﬁned membrane potentials to the
cis side of the membrane. The second electrode on the trans-side was
connected to a home-made current-to-voltage converter made from a
Burr-Brown operational ampliﬁer. The ampliﬁed signal was monitored
on a digital oscilloscope and recorded with a strip chart recorder.
Analytical-grade salts were obtained from Applichem and used as an
unbuffered solution. During all experiments, the temperature was
maintained at room temperature. Zero-current membrane potential
measurements were performed by establishing a 5-fold salt gradient
across membranes as described earlier [42]. The zero-current mem-
brane potentials were measured using a high impedance electrometer
(Keithley 617).3. Results
3.1. Identiﬁcation of the gene coding for the cell wall channel
of C. amycolatum
Dörner et al. identiﬁed a channel-forming protein in the cell wall
of C. amycolatum ATCC 49368 with an apparent molecular mass of
about 45 kDa [25]. The isolation and puriﬁcation of the 45 kDa pro-
tein from C. amycolatum ATCC 49368 cells were repeated in this
study using essentially the procedure described previously [25]. The
puriﬁed 45 kDa protein was partially sequenced by Edman degrada-
tion procedure following tryptic digestion. Four partial sequences of
totally 37 amino acids of the prospective channel-forming protein
were obtained by this procedure: YTAQWDEGSK, YYTNRV, STKEPEEIAS,
and SYPYYDVQAMR.
All partial sequences were blasted against the NCBI protein data-
base containing the genome of C. amycolatum SK46 (PRJNA31007).
The search suggested that a hypothetical protein encoded by a gene
of C. amycolatum SK46 (coram0001_1986) revealed almost 100% iden-
tity to the partial sequences. Only in the case of partial sequences #1
and #4 we noticed exchanges of some amino acids. Computational
analyses of the hypothetical protein Coram0001_1986 suggested a
putative signal peptide (http://www.cbs.dtu.dk/services/SignalP) at
its N-terminal end, obligatory for proteins that are exported by
the general secretory pathway (Sec) apparatus [43]. The most likely
cleavage site was predicted between position 35 and 36: VIP-LD.
The signal peptide should initiate translocation and should be cleaved
by signal peptidase after protein translocation resulting in a 43 kDa
protein, which was found in membrane protein extraction. Therefore,
we assumed that the gene coram0001_1986 of C. amycolatum SK46
could be the homolog to porACoram from C. amycolatum ATCC 49368.
coram0001_1986 contains 1161 nucleotides and codes for 386 amino
acids with a molecular mass of 43 kDa.
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protein PorAcoram
Primers given in Table 1were used to clone the gene coram0001_1986
and its ﬂanking regions using genomic DNA of C. amycolatum ATCC
49368 as a template. The protein called PorAcoram was recombinantly
expressed in the porin-deﬁcient C. glutamicum ΔporAΔporH strain
using the pXHis shuttle vector. The cells were homogenized and
centrifuged as described in Material and methods. The supernatant
of the ﬁrst centrifugation contained cytoplasmic proteins and the
pellet contained the cell envelope (see Fig. 1A). The pellet was
dissolved in buffer supplemented by detergent (see Section 2.7) to
extract membrane proteins and was centrifuged again. The superna-
tant of this centrifugation should contain detergent-soluble mem-
brane proteins that were examined for their protein content by
SDS-PAGE and Western blotting (see Fig. 1A and B).
PorAcoram has totally 402 amino acid residues as calculated by
computational translation by ExPASy (Expert Protein Analysis System;
http://expasy.org/tools/pi_tool.html) tool. The molecular mass of
PorAcoram calculated by ExPASy tool (http://web.expasy.org/compute_
pi/) is 43 kDa. The recombinant protein as expressed by using the
pXHis vector has a somewhat higher theoretical molecular mass of
about 45 kDa because of the octa-histidine tag. The molecular mass of
PorAcoram was conﬁrmed by SDS-PAGE and the apparent molecular
mass derived from SDS-PAGE was about 49 kDa, which was a little
higher than predicted. The puriﬁed protein that still had the octa-
histidine tag at its C-terminus was not able to form stable channels in
artiﬁcial bilayer membranes (see below). Therefore the His8-tag was
removed by using factor Xa protease and followed by second puriﬁca-
tion (Fig. 1A and B).
3.3. Sucrose-step-gradient density centrifugation
Sucrose density centrifugation of the cell envelopes of C. glutamicum
ΔHA pXHis_PorAcoram was performed to check whether PorAcoram
expressed in this strain is a cell wall component. After 16 h sucrose
step gradient density centrifugation, different zones could be clearly
distinguished by color and density of the material. Nine fractions of
0.5 ml from top to bottom were collected and examined for proteinFig. 1. A) SDS-PAGE and B) immunoassay analysis of cytoplasmic and membrane proteins
mutant. Lane 1: molecular mass markers, Lane 2: cytoplasmic proteins from C. glutamicum
factor Xa treated PorAcoramHis, Lane 6: native PorAcoram. C) SDS-PAGE and D)Western blot an
Lane 3: PorAcres. Lanes 2 and 3 underneath the gel show the Western blot results of PorAcrecontent and NADH oxidase activity (see Fig. 2A). The highest pore-
forming activity and the lowest NADH oxidase activity were observed
in fractions F4 and F5, in agreement with previous observations of the
cell envelope of C. amycolatumATCC 49368 [25]. Highest NADH oxidase
activity, which is a typical marker for cytoplasmic membranes was
observed for fractions F7, F8 and F9. All fractions were also analyzed
by Western blot against His-tags (see Fig. 2B). His-tag proteins were
detected in fractions F4 and F5. However, small amounts of His-tag
proteins were also smeared over all nine fractions, including fractions
F6 and F7. Taken together, these results indicated that fractions
containing PorAcoram (fractions F4 and F5)were depleted of cytoplasmic
membrane.
3.4. Antibiotic resistance
The antibiotic susceptibility of C. glutamicum cells expressing
PorAcoram was examined qualitatively by using the ﬁlter disk method
andmeasuring the diameter of growth inhibition zones. Expression of
PorAcoram had an only minor inﬂuence on the antibiotic susceptibility
of C. glutamicum ΔHA pXHis PorAcoram. In spite of deletion of the
major cell wall channel PorA/H in C. glutamicum, the results of antibi-
otic susceptibility of C. glutamicum ΔHA showed that the cells were
still susceptible to a variety of antibiotics such as tetracycline, genta-
micin and penicillin G, whereas norﬂoxacin and ceftazidime did not
inhibit growth at the used concentrations. C. glutamicum ΔHA pXHis
PorAcoram was slightly more susceptible to some of the antibiotics
such as tetracycline and gentamicin indicating some change of the
cell wall permeability.
To determine the minimal concentration of antimicrobial agents,
which inhibits the growth of the different C. glutamicum strains
used in this study, we performed dilution susceptibility tests. This
was achieved by dilution of antimicrobial agents in broth media.
Antimicrobials were tested in series of two-fold dilutions. The mini-
mum inhibitory concentration (MIC) was measured for C. glutamicum
ΔHA as a control and C. glutamicum ΔHA pXHis PorAcoram. The results
are summarized in Table 2. In general, reduction of antibiotic transport
in bacteria using several classes of antibiotics such as β-lactams,
aminoglycosides or ﬂuoroquinolones, is mainly caused by changes of
membrane permeability [8]. Loss of porins or expression of modiﬁedof the heterologous expression of PorAcoram in the porin-deﬁcient C. glutamicum ΔHA
ΔHA pXHis PorAcoram, Lane 3: membrane proteins, Lane 4: pure PorAcoramHis, Lane 5:
alysis of PorAcres, respectively. Lane 1: Molecular mass markers, Lane 2: pure PorAcresHis,
sHis and PorAcres.
Fig. 2. A) Fractions obtained by a sucrose-step-gradient density centrifugation of the cell envelope of C. glutamicum ΔHA pXHis PorAcoram. The sucrose steps were 20%
(w/v; 3 ml), 40% (w/v; 4 ml), and 70% (w/v; 3 ml). The concentration of sucrose before centrifugation is shown on the left side of the panel. Nine fractions were collected after 16 h
centrifugation. Fractions F6 and F7 contained the highest NADH-oxidase activity, and fractions F4 and F5 the highest pore forming activity as measured by the lipid-bilayer
assay. B) Western blot analysis of the protein fractions after sucrose-step-gradient density centrifugation. Lane 1: Molecular mass markers, Lanes 2–10: fractions 1 to 9.
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[44–46]. The results of our study demonstrated that C. glutamicumΔHA
was still susceptible to all antibiotics. There did also not exist signiﬁcant
differences between C. glutamicum ΔHA and C. glutamicum ΔHA pXHis
PorAcoram for all antibiotics.
3.5. Study of channel-forming ability of PorAcoram
Pure PorAcoram was studied with the lipid bilayer assay for channel
formation. Single channel experiments with puriﬁed His-tagged pro-
tein showed some transient channels without any clear porin-like
channel characteristics. These transient current ﬂuctuations could
be the results of the interaction between the His-tagged protein and
the membrane and/or incomplete folding of the channel (Fig. 3A).
To verify this assumption, the His-tagwas cleaved by using Xa protease.
Cleaved and un-cleaved His-tag proteins were separated (see Material
and methods for more details). Afterward single channel measure-
ments were performedwith the cleaved His-tag protein. Single channel
conductance steps of about 3.5 ± 0.5 nS in 1 MKCl were observed after
addition of about 66 ng/ml of native protein without His-tag (Fig. 3B).
Channel forming activity of cell extracts from PorA/PorH-deﬁcient
C. glutamicum strain was measured as a control experiment and did
not exhibit channel-forming activity.
3.6. Ion selectivity
The permeability of channels to anions or cations varies depending
on the distribution of charged amino acids in the interior of channels.
Zero-current membrane potential measurements were performed forTable 2
Minimum inhibitory concentration (MIC) of antimicrobial agents for C. glutamicum
ΔHA pXHis PorAcoram and C. glutamicum ΔHA as control.
Antibiotic Lowest concentration of antibiotics which inhibited growth
(μg/ml)
C. glutamicum ΔHA C. glutamicum ΔHA PxHis PorAcoram
Ampicillin 0.39 0.39
Tetracycline 0.39 0.04
Gentamicin 0.15 0.07
Penicillin G 0.19 0.09
Ertapenem 0.07 0.07
Vancomycin 0.09 0.09
Teicoplanin 0.19 0.19
Imipenem 0.01 0.01PorAcoram of C. amycolatum in order to obtain more information about
the properties of the cell wall channel. The KCl concentration of the cis
side of themembrane was increased in steps by the addition of concen-
trated KCl under zero-current conditions. The zero-current potential at
the more diluted side of the membrane indicated preferential move-
ment of ions caused by the chemical potential difference. Permeability
coefﬁcients (Pc/Pa) were calculated using the Goldman–Hodgkin–Katz
equation [42]. In the case of KCl a small positive potential was observed
in the diluted side of the membrane indicating slight cation selectivity.
The potential was also positive for potassium acetate and lithium chlo-
ride on the more dilute side of the membrane (Table 3). If we compare
both values (KAc and LiCl) higher positive voltages were observed
when using potassium acetate due to the smaller size of the cation.
3.7. Expression and puriﬁcation of the C-terminal tagged channel-forming
protein PorAcres
C. glutamicum ΔHA which lacks its major porins was also used in
this case as an expression host for the plasmid pXHis_PorAcres.
The protein was expressed and puriﬁed as described before. The
native protein after removing the histidine tail was used for furtherFig. 3. Biophysical characterization of PorAcoram-his, PorAcoram and PorAcres. A) Single
channel recording of a PC-n decane membrane in the presence of 43 kDa puriﬁed
His-tagged PorAcoram from the cell wall of C. glutamicum ΔHA pXHis PorAcoram. The
aqueous phase contained 1 M KCl pH 8 and 500 ng/ml protein. The applied voltage
was 20 mV; T = 21 °C B) Single channel recording in the presence of cleaved
His-tag protein in aqueous phase containing 1 M KCl pH 8 and 66 ng/ml protein. The
applied voltage was 20 mV; T = 21 °C C) Single channel recording of a PC-n-decane
membrane in the presence of the 46 kDa channel forming protein PorAcres from
C. resistens DSM 45100. The aqueous phase contained 1 M KCl pH 8 and 100 ng/ml
protein. The applied voltage was 20 mV; T = 21 °C.
Table 3
Zero current membrane potentials (Vm) of artiﬁcial membrane formed by PC/n-decane
in presence of PorAcoram of C. amycolatum for ﬁvefold gradient of three different salts.
Salt Vm [mV] Cation/anion permeability ratio
KCl 0.1 +1.08
LiCl 0.5 +0.24
KH3COO 1 +1.42
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His-tag by Factor Xa and the puriﬁcation of the protein are shown
in Fig. 1C. Lane 2 shows the puriﬁed protein with a molecular mass
of around 48 kDa and lane 3 represents the native PorAcres with a
molecular mass of around 46 kDa, which is in good agreement with
the calculated molecular mass. The results of immunoblotting using
anti His-tag antibodies indicated that the recombinant PorAcres was
expressed in C. glutamicum ΔHA (Fig. 1D). The channel-forming activ-
ity of PorAcres was examined in the lipid bilayer assay by using artiﬁ-
cial membranes formed from PC/n-decane. PorAcres formed channels
with a single conductance of 3.5 ± 0.5 nS in 1 M KCl (Fig. 3C).
This is approximately a similar single channel conductance as that
observed for channels formed by PorAcoram.
4. Discussion
4.1. Identiﬁcation of the gene coding for the cell wall channel of
C. amycolatum ATCC 49368
In a previous study we have shown that a 45 kDa protein from the
cell wall of C. amycolatum ATCC 49368 called PorAcoram is responsible
for the channel-forming ability of cell wall extracts [25]. The isolation
procedure of the protein was repeated and the 45 kDa protein was
subjected to Edman degradation following tryptic digestion. Four
different peptides were obtained by this procedure. They were
blasted against the known genome sequence of C. amycolatum SK46
(PRJNA31007). The ORF coram0001_1986 showed almost 100% iden-
tity with the partial peptides. This gene was cloned using the total
DNA of C. amycolatum ATCC 49368 as a template and sequenced.
The gene porAcoram coding for PorAcoram (C. amycolatum ATCC 49368
porin) was almost identical to the corresponding gene in the genome
of C. amycolatum SK46, because it showed only 48 mutations of bases
within a length of 1161 bp for both genes. Coram0001_1986 and
PorAcoram of the two strains are identical in size and vary in only 11
amino acid residues of mostly conservative nature (identity of 97%).
Both proteins contain also signal sequences indicating that they are
exported through the cytoplasmic membrane via the Sec system
which is responsible under normal conditions for protein sortingFig. 4. Gene organization of C. amycolatum SK46 and C. glutamicum within the region betwe
coding for porins in many different Corynebacterium species such as C. glutamicum, C. efﬁcie
indicated that C. amycolatum does not follow this rule.and its export in gram-positive bacteria [43]. The most likely cleav-
age site was predicted between positions 35 and 36 of PorAcoram
(see Fig. 5). It is noteworthy that the molecular mass of PorAcoram is
with about 45 kDa much higher than that of the low molecular
mass oligomeric PorA/H channels of different strains from the
genus Corynebacterium (C. glutamicum, Corynebacterium callunae,
Corynebacterium diphtheria [11,48]), which are formed by low mo-
lecular mass peptides of about 5 to 7 kDa. This means presumably
that the molecular mass of PorAcoram could be large enough to form
the channels as monomers, i.e. it most likely contains several mem-
brane spanning domains.
PorAcoram of C. amycolatum ATCC 49368 studied here has three
more negatively charged amino acids (29 glutamates/29 aspartates,
compared to 28 lysines/27 arginines) than Coram0001_1986 of
the strain SK46, where positively and negatively charged residues
are balanced. This tends to agree with the low cation selectivity of
PorAcoram as compared with the selectivity of Coram0001_1986 [25].
Analysis of ﬂanking region of the porAcoram gene shows a putative
ribosome binding site (5′-AGGAC-3′), which is located nine nucleo-
tides upstream of the start codon of the gene in both C. amycolatum
strains. RT-PCR experiments using primers directed against porAcoram
produced a PCR product in C. glutamicum ΔHA pxHisPorAcoram indi-
cating that the gene is transcribed (data not shown).4.2. Isolation and puriﬁcation of channel forming protein
The puriﬁcation of PorAcoram started from the cell homogenate
of C. glutamicum ΔHA pXHis, which contained the heterologously
expressed PorAcoram. The pellet from the ﬁrst centrifugation contained
the envelopes. They were treated with LDAO and subjected to the
second centrifugation. Its supernatant contained membrane proteins.
PorAcoram was detected in the cell envelope fraction using Western
blots against the His8-tag. Similarly, PorAcoram was also found in the
supernatant of the cell envelopes treated with detergent. To further
identify the location of PorAcoram in the cell envelope of C. glutamicum
ΔHA pXHis PorAcoram we performed sucrose-step density centrifuga-
tion, which yielded nine fractions. Channel-forming activity was identi-
ﬁed in fractions F4 and F5 using the lipid bilayer assay (see Fig. 2). These
fractions had also lowest NADH oxidase activity typical for the cell wall
of mycolic acid-deﬁcient strains from gram-positive Actinobacteria
[25,47]. Lowest channel-forming activity and highest oxidase activity
were observed in fractions F7 and F8 that had a higher density than frac-
tions F4 and F5. This is typical for mycolic acid deﬁcient gram-positive
bacteria, where the cytoplasmic membranes have a higher density
than the cell wall fractions [25,47]. These results showed that the
45 kDa protein and NADH oxidase were localized in different fractionsen PKK2 (poly-phosphate kinase) and GroEl2 (chaperonin). This is a conserved region
ns, C. diphtheriae and C. callunae [31,49]. Analysis of the genome of C. amycolatum SK46
Fig. 5. Amino acid sequence alignment of PorAcoram of C. amycolatum ATCC 49368 (line 1), PorAcoram of C. amycolatum SK46 (line 2), the homologous protein of C. resistens (line 3)
and and of C. variabile (line 4). The alignment was performed using Pole Bioinformatique Lyonnaise Network Protein Sequence Analysis (http://npsa-pbil.ibcp.fr). Amino acids
identical in all three proteins are highlighted in red (*), strongly similar amino acids (:) are given in green and weakly similar ones (.) in blue. The presume start of the mature
protein PorAcoram (after cleavage of the signal peptide) is indicated by a red bar.
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PorAcoram.
4.3. Interaction of PorAcoram with lipid bilayer membranes
Lipid bilayer experiments were performed to study the channel-
forming properties of PorAcoram containing the His8-tag at its
C-terminus. Addition of the puriﬁed protein at a concentration of
more than 500 ng/ml to one or both sides of the lipid membranes
did not lead to the typical step-like reconstitution of channels.
Instead the protein showed some transient current ﬂuctuation with-
out any clear porin-like channel properties. These transient channels
could be the result of the interaction of the His-tag with the artiﬁcial
membrane and/or the channel. The His8-tag was cleaved as de-
scribed and the reconstitution experiments were repeated. Addition
of about 66 ng/ml of the cleaved protein resulted in a conductance
increase of 3.5 ± 0.5 nS after 20 to 30 min addition. These channels
had a long lifetime under lowvoltage conditions (20 mV). It is notewor-
thy that the recombinant PorAcoram showed similar biophysical proper-
ties as the channel forming protein puriﬁed from C. amycolatum ATCC
49368.
4.4. Location of the gene coram001_1986 within the genome of
C. amycolatum SK46
Genes coding for cell wall channels in different corynebacteria,
such as C. glutamicum. C. diphtheria, C. callunae, and Corynebacterium
efﬁciens are localized between the genes coding for GroEL2 and
polyphosphate kinase (PKK2) [27,28,31,49]. Accordingly, we screened
this region for porin gene(s) in C. amycolatum. Interestingly, we did
not ﬁnd genes in this region that could code for similar cell wall chan-
nels. The analysis of the chromosomal region between genes encoding
for GroEL2 and PPK2 showed that there is an open reading frame that
codes for a septicolysin-like protein with a molecular mass of 18 kDa
(Fig. 4). This means that the gene coding for porAcoram has another loca-
tionwithin the genomeof C. amycolatum (i.e. between coram0001_1985
and coram0001_1987, which code both for unknown proteins with 64
and 611 amino acids, respectively).
4.5. Proteins homologous to PorAcoram in other Corynebacterium species
Analysis of sequence similarity of related proteins can be useful
for functional annotation of proteins. In order to search for existing
homologues of PorAcoram, known genomes from Corynebacterium
species were inspected for genes coding for proteins homologous
to PorAcoram using the basic local alignment search tool [50]. This
homology search led to many protein sequences, which showed
decreasing homology to PorAcoram. Highest homology had an open
reading frame (cres_0567) in the genome of C. resistens DSM 45100
[51], which codes for a protein having high identity (46% identity)
to PorAcoram (Fig. 5). The gene and its ﬂanking regions were cloned
and sequenced. PorAcres has 413 aa and a molecular mass of about
46 kDa. Similar as for PorAcoram of C. amycolatum, Cres_0567 of
C. resistens has also an N-terminal sorting signal (with a probability of
0.992 as judged from the SignalP-HMM server). After puriﬁcation and
cleavage of the His-tagged protein, Cres_0567 was examined for chan-
nel forming ability. We could indeed demonstrate here that it has the
same function as PorAcoram because it is also a channel-forming protein.
Our experiments showed that the native PorAcres (Cres_0567) has a
single-channel conductance of about 3.5 ± 0.5 nS in 1 M KCl. This
means that PorAcres showed approximately the same biophysical prop-
erties as PorAcoram of C. amycolatum. These species are separated in the
phylogenetic tree of the genus Corynebacterium from the main lineage
of the corynebacteria and belong to the cluster 3 (C. resistens) and clus-
ter 4 (C. amycolatum) which share a common ancestor [52,53].Fig. 5 shows also the protein sequence of another PorAcoram
homolog, Cvar_0298 from Corynebacterium variabile DSM 44702
with an identity of 44% and a homology of 62%. The next homolog
to PorAcoram within the genomes of known Corynebacterium species
is encoded by the open reading frame jeik0164 from Corynebacterium
jeikeium K411 with an identity of 43% and a homology of 60% (data not
shown), which means that the homology of the different PorAcoram
analogs is successively decreasing. Nevertheless it is for many homolo-
gous proteins of this type still possible to ﬁle the protein to a superfam-
ily of proteins deﬁned in the Pfam database, which is known under the
name DUF 3068 (DUF means Domains of Unknown Function). About
the function of the proteins of this family (more than 833 proteins
all from the actinomycetes taxon and mostly from members of the
mycolata) we can only speculate. However, at least two members of
this protein family are deﬁnitely channel-forming proteins, which
offer also for the others an interesting possibility for their function.Acknowledgements
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